Purpose: Adoptive transfer of tumor-infiltrating lymphocytes (TIL) can mediate regression of metastatic melanoma. However, many patients with cancer are ineligible for such treatment because their TIL do not expand sufficiently or because their tumors have lost expression of antigens and/or MHC molecules. Natural killer (NK) cells are large granular lymphocytes that lyse tumor cells in a non-MHC-restricted manner. Therefore, we initiated in a clinical trial to evaluate the efficacy of adoptively transferred autologous NK cells to treat patients with cancers who were ineligible for treatment with TIL.
Introduction
Adoptive transfer of lymphocytes with antitumor reactivity can mediate the regression of metastatic melanoma (1) (2) (3) . In a series of trials conducted in the Surgery Branch of the National Cancer Institute (1, 2), tumor-reactive T-lymphocyte populations were isolated from tumor-infiltrating lymphocytes (TIL), expanded to large numbers (i.e., $10 10 cells) ex vivo, and adoptively transferred to autologous patients with interleukin 2 (IL-2; ref.
2) after the patients had received one of several lymphodepleting preparative regimens. Of 93 patients, 56% experienced objective clinical responses, including 20 patients with durable complete regressions. However, not all patients with cancer are eligible for this type of immunotherapy because TIL from some melanoma patients may not expand sufficiently, and TIL with antitumor reactivity are rarely found in patients with cancers other than melanoma. In addition, tumors can lose surface expression of class I MHC molecules and thus not be susceptible to MHC-restricted recognition by conventional T cells. To extend current adoptive cell transfer therapies to patients from whom tumor-reactive T-cell populations cannot be generated and to patients with MHC-negative tumors, we initiated an investigation to isolate and expand ex vivo, natural killer (NK) cells that are capable of mediating tumor destruction in a non-MHC-restricted manner.
NK cells are large granular lymphocytes that are critical effector cells in the early innate immune response to pathogens and cancer (4) (5) (6) . These cells account for 10% to 15% of peripheral blood lymphocytes and are phenotypically characterized by expression of CD56 and absence of CD3. NK cells can directly lyse virally infected cells and tumor cells without prior sensitization and provide immunoregulatory cytokines that shape the adaptive immune response. Unlike T lymphocytes, NK cells do not express specific antigen receptors. Instead NK cell function is mediated through a complex balance of activating and inhibitory signals delivered through a variety of different surface receptors (4, (6) (7) (8) . Three predominant superfamilies of NK cell receptors (NKR) have been identified that can either inhibit or activate NK cell function: (i) killer immunoglobulin (Ig)-like receptors (KIR) that bind to classical class I MHC molecules; (ii) C-type lectin receptors that bind to nonclassical class I MHC molecules or "class Ilike" molecules; and (iii) natural cytotoxicity receptors for which ligands are currently not well defined (5) . The most well-characterized activating NKR, NKG2D, is a C-type lectin receptor that binds to stess-inducible ligands, including the MHC class I chain-related (MIC) peptides MICA and MICB and the human cytomegalovirus UL16-binding proteins. These proteins are often upregulated during the process of neoplastic transformation, which at least in part, explains why tumor cells are often susceptible NK cell targets (9) . In contrast, many NKRs that inhibit NK cell function belong to the KIR superfamily. To date, at least 4 different inhibitory KIRs have been identified that bind to different allelic groups of HLA-A, HLA-B, or HLA-C molecules, although the HLA-C molecules predominate. For example, KIR2DL1 binds to HLA-C molecules that have a lysine residue at amino acid position 80 (e.g., HLA-Cw2, -Cw4, -Cw5, and -Cw6), whereas KIR2DL2 binds to HLA-C molecules that have an asparagine at position 80 (e.g., HLA-Cw1, -Cw3, -Cw7, and -Cw8). Unlike TCRs, NKR genes do not undergo somatic diversification, and therefore, the expression of inhibitory receptors specific for class I MHC molecules is largely random. Nonetheless, circulating NK cells usually do not lyse normal autologous tissues, and multiple mechanisms for this self-tolerance have been proposed (10) . However, after in vitro activation with cytokines such as IL-2, NK cells readily lyse tumor cells that express self-MHC molecules (11, 12) .
Adoptive transfer of autologous NK cells for the treatment of patients with melanoma, renal cell carcinoma (RCC), lymphoma, and breast cancer has been evaluated in several previously described clinical trials using ex vivo generated lymphokine-activated killer (LAK) cells (11, 13) . No clear clinical benefit was observed in these trials. However, these results do not allow for a conclusion to be drawn related to the efficacy of purified autologous NK cell-adoptive transfer because LAK cells consist predominantly of T lymphocytes (>90%) and only contain a small fraction (<10%) of cells having the phenotypic characteristics of classical NK cells (i.e., CD56 þ CD3 À ). In addition, studies in several murine models suggest means for improving the efficacy of adoptive autologous NK cell transfer immunotherapies for the treatment of patients with cancer. In one study, syngeneic NK cells were transferred into NKdeficient Rag À/À gC À/À mice in comparison with NKreplete Rag À/À mice (14) , and in another study, syngeneic NK cells were transferred into irradiated mice in comparison with normal mice (15) . In both studies, NK cells underwent homeostatic proliferation in the lymphopenic environment. Finally, in another more recent investigation, the observation was made that CD4 þ CD25 þ regulatory T cells (Treg) inhibited NKG2D-mediated NK cell cytotoxicity in vitro, and depletion of Tregs in vivo significantly enhanced NK cell-mediated tumor rejection (16) . All of these studies suggested that autologous NK cells may be efficacious for the treatment of patients with cancer, particularly if the patients are lymphodepleted prior to adoptive cell transfer. On the basis of these studies and preclinical work conducted in our laboratory, we initiated a clinical study in which patients with metastatic cancers were treated with adoptively transferred, autologous, in vitro activated NK cells after the patients received a lymphodepleting chemotherapy regimen. For this trial, we selected patients with cancers that historically have been shown to be responsive to immunotherapy with IL-2, namely melanoma and RCC. We and others have observed that both of these types of tumor cells are susceptible to lysis by NK cells, even without complete loss of class I MHC, possibly related to upregulation of several ligands for activating NKRs (17) and lowered expression of HLA-B and -C molecules.
Materials and Methods

Cell lines and fresh tumor digests
Human melanoma cell lines, fibroblasts, EBV-transformed B cell lines, SKOv3 ovarian cancer cells, and MDA-MB-468 breast cancer cells were routinely cultured in RPMI 1640 supplemented with 10% FBS, 2 mmol/L L-glutamine, 50 U/mL penicillin, and 50 mg/mL streptomycin (Invitrogen). RCC cell lines were routinely cultured in high-glucose Dulbecco's modified Eagle's medium supplemented with 10% FBS, 2 mmol/L L-glutamine, and
Translational Relevance
Adoptively transferred tumor-reactive T lymphocytes can mediate regression of metastatic cancers. However, many patients are ineligible for this type of treatment. Here we treated patients with adoptively transferred natural killer (NK) cells which can lyse tumor cells in a non-MHC-restricted manner and independent of expression of tumor-associated antigens. Patients with metastatic melanoma or renal cell carcinoma were treated with large numbers (>10 10 ) of adoptively transferred in vitro activated autologous NK cells after the patients received a lymphodepleting but nonmyeloablative chemotherapy regimen. The infused cells were highly lytic in vitro, and although no clinical responses were observed, the adoptively transferred NK cells seemed to persist in the peripheral circulation of patients for weeks to months posttransfer. The persistent NK cells could not lyse tumor cell targets in vitro with cytokine reactivation. However, they could mediate antibody-dependent cell-mediated cytotoxicity suggesting that coupling adoptive NK cell transfer with monoclonal antibody administration deserves evaluation.
25 mmol/L HEPES buffer (Invitrogen). Prior to the initiation of this clinical trial, for authentication purposes, cell lines were characterized for expression of HLA molecules, either by HLA typing conducted by HLA typing laboratory at the NIH or by fluorescence-activated cell sorting (FACS) analyses using anti-HLA antibodies (W6/32, Dako; anti-HLA-A2, One Lambda Inc.).
Small-scale preclinical expansion of NK cells in vitro
In preliminary experiments, NK cells were enriched from peripheral blood mononuclear cells (PBMC) from leukaphereses using an NK cell isolation kit (Miltenyi Biotech), in which NK cells were isolated via negative selection. In particular, non-NK cells were labeled with biotinylated antibodies against CD3, CD4, CD14, CD15, CD19, CD36, CD123, glycophorin A, and anti-biotin magnetic beads and were then depleted by passage over a paramagnetic column. The enriched NK cells were then expanded in the presence of a 10-fold excess of allogeneic irradiated PBMCs as feeder cells in media containing 5 mg/mL PHA-L (Sigma-Aldrich) and 1,200 IU/mL IL-2.
Clinical expansion of NK cells in vitro
PBMCs from leukaphereses were depleted of CD3 þ cells using a Clinimacs machine and anti-CD3 reagent (Miltenyi Biotech). This depletion process consistently resulted in a CD3-depleted cell population that contained less than 1% CD3 þ cells. Multiple T175 flasks were set up, each of which contained 10 7 CD3-depleted cells and 10 8 irradiated (3,000 rad) autologous PBMCs as feeder cells in 100-mL AIMV media (Invitrogen) containing 10% heat-inactivated human AB serum (Gemini Bio-Products) in the presence of 600 IU/mL IL-2 (Novartis) and 30 ng/mL OKT3 (Orthoclone). On average, 51 flasks were set up for each patient. 600 IU/mL IL-2 was added every 3 to 4 days, and on day 7 to 8, 100 mL of fresh media containing 5% hu AB serum were added to each flask. On or about day 10, the contents of 3 flasks were transferred to a single 3-L LifeCell culture bag (Baxter), and the cell concentration was adjusted to approximately 0.5 Â 10 6 cells/mL with AIMV media containing 5% hu AB serum containing 600 IU/mL IL-2. The average volume transferred to each 3-L bag was 600 mL, and the average cell count of the transferred population was 0.8 Â 10 6 cells/mL. Also, on average, for each patient, the contents of 51 flasks were transferred to seventeen 3-L bags. Cells were then maintained as needed by adding fresh serum-free AIMV and IL-2 and/or splitting to maintain cell concentrations between 1 to 3 Â 10 6 cells/mL. The strategy used to maintain this cell concentration varied significantly between patients, but on average, the total volume of serum-free AIMV added during the final stages of cell preparation was 30 L. Also, the average overall time to complete the NK cell expansions was 21 days.
Clinical trial
Patients older than 18 years with progressive stage IV melanoma or renal cell cancer, who were negative for hepatitis B and C and HIV infection and had a good performance status and a life expectancy of at least 3 months, were eligible for treatment on this protocol. All patients signed an Institutional Review Board-approved consent and had melanoma or RCC that was histologically confirmed by pathologists at the Clinical Center, NIH (Bethesda). All patients had measurable disease on computed tomography scan or by physical examination and were refractory to standard treatments, including high-dose IL-2 therapy (except patient 7, who did not receive IL-2 before entry into this protocol). Patients received nonmyeloablative lymphodepleting chemotherapy, as previously described (18), consisting of 2 days of cyclophosphamide (60 mg/kg) followed by 5 days of fludarabine (25 mg/m 2 ). On the day following the final dose of fludarabine, patients received the infusion of in vitro expanded NK cells and high-dose IL-2 therapy consisting of 720,000 IU/kg I.V. every 8 hours to tolerance as previously described (18) .
Lysis assays
Standard 4-hour 51 Cr release assays were carried out as previously described (19) . In some experiments, tumor cells were incubated with 10 mg of anti-HER2/neu (Herceptin trastuzumab; Genetech) or anti-CD20 (Rituxan rituximab; Genentech) monoclonal antibodies (mAb) per 10 6 cells during the 51 Cr-labeling step.
Cytokine measurement assays Serum was collected from patients and frozen before initiation of therapy and after lymphodepletion, but before cell infusion. Serum samples were thawed, and the concentration of IL-15 in each sample was determined using a commercially available ELISA kits (R&D Systems).
FACS analyses
Tumor cell lines, PBMCs, CD3-depleted PBMCs, and NK cell populations were stained with propidium iodide, and various antibodies as indicated throughout the text (BD Biosciences and eBioscience). The cells were then analyzed by FACS using a FACSCalibur flow cytometer (BD Biosciences), and data were analyzed using Cellquest (Becton Dickenson) or FlowJo software (Tree Star) after gating for live (propidium iodide negative) cells.
Statistical analyses
Statistical comparisons between phenotypes of adoptively transferred cells and NK cells in peripheral blood were made using 2-tailed paired t tests.
Results
Preclinical studies
In vitro activated NK cells efficiently lyse autologous tumor cells. In a previous clinical trial, 3 patients treated with adoptively transferred TIL recurred with tumors that had lost surface expression of class I MHC molecules. Therefore, we began to develop a method for expanding NK cells in vitro to provide an alternate treatment modality for these patients. In preclinical studies, we purified NK Fig. S1 ) and noted that melanoma cell lines were effectively lysed by the NK cells, regardless of class I MHC expression. We also evaluated the expression of a variety of activating and inhibitory NKRs on these cells after a 21-day culture period (one example is presented in Supplementary Fig. S2 ). These cells expressed phenotypic markers consistent with activated NK cells. Namely, the majority of the cells expressed the activating receptors NKG2D, CD16, CD94, and NKp46. These cells also expressed a variety of inhibitory receptors, including KIR2DL1 (CD158a), KIR2DL2/3 (CD158b), and KIR3DL1 (CD158e1). As has been previously reported, because NK cell receptor genes do not undergo somatic diversification like TCRs, the expression of inhibitory receptors specific for class I MHC molecules is largely random, and that phenomenon was observed in our in vitro expanded NK cell populations as well. For example ( Supplementary Fig. S2 ), patient 888 expressed "Group I" HLA-C alleles (Ser 77 Asn 80) which binds the inhibitory receptor KIR2DL2/3 (CD158b), and nearly 60% of the NK cells from this patient expressed this receptor. However, 26% of the NK cells isolated from this patient expressed KIR2DL1 (CD158a) which would not be inhibited by these self-MHC molecules. Development of a GMP protocol for expanding large numbers of NK cells for clinical use. On the basis of our preclinical studies, we decided to pursue a clinical trial to treat patients with adoptively transferred autologous NK cells regardless of MHC expression on tumors. To generate large numbers of NK cells under GMP conditions suitable for adoptive transfer, we evaluated many protocols incorporating the following modifications: initiation of cultures with CD3-depleted PBMCs instead of NK cells initially purified from whole PBMCs using the Miltenyi negative isolation kit, elimination of PHA, the use of autologous PBMCs as feeder cells instead of allogeneic PBMCs, addition of anti-CD3 (OKT3) to stimulate feeder cells, initiation of cultures in the presence of 10% hu AB serum with latter additions of serum-free media to minimize serum usage throughout the culture period, and initiation of cultures in flasks with transfer to large-scale cell-culture bags (LifeCell bags; Baxter) instead of maintaining the cells in flasks throughout the culture period. We arrived at the methodology described in the Materials and Methods section, in which CD3-depleted PBMCs were stimulated to proliferate with OKT3-loaded autologous PBMC feeder cells in the presence of IL-2.
Using this methodology, before initiating a clinical trial, we evaluated the expansion, phenotype, and function of NK cells from 3 patients expanded at near-clinical scale beginning with either fresh or cryopreserved PBMCs. Using this in vitro activation protocol, overall fold expansions between days 21 and 26 were 80, 79, and 322 from patients 1, 2, and 3, respectively. From all 3 donors, the cell populations that expanded within approximately 3 weeks were more than 90% CD56 þ CD3 À NK cells (one example is presented in Fig. 1 ). Because the initial percentages of CD56 þ CD3 À NK cells in the CD3-depleted PBMC populations were 6.6, 25.9, and 30.0 from patients 1, 2, and 3, respectively, and the final percentages of NK cells in the expanded populations were 90.5, 91.1, and 96.5, the overall NK cell expansions were 1,097, 278, and 942, respectively. The cells seemed to be highly activated NK cells expressing NKG2D, CD16, NKp46, and CD94, but they also expressed a variety of inhibitory receptors, including KIR2DL1 (CD158a), KIR2DL2/3 (CD158b), and KIR3DL1 (CD158e1; Fig. 1 ).
In addition, in vitro activated NK cells expressed the cytokine receptor common gamma chain (g c ; CD132), as well as the b chain common to the IL-2 and IL-15 receptors (CD122), suggesting these cells could respond to intermediate doses of these cytokines. However, the majority of the cells did not express the IL-2R a chain (CD25) or the IL7R a chain (CD127). We also evaluated the lytic function of NK cells expanded using this modified, clinically applicable method.
In vitro expanded and activated NK cells efficiently lysed melanoma (mel) and RCC cell lines, but not autologous or allogeneic PBMCs (Supplementary Fig. S3 ).
Clinical trial
We initiated a clinical trial to treat patients with metastatic cancers with adoptively transferred, in vitro activated, autologous NK cells after receiving a lymphodepleting chemotherapy regimen consisting of cyclophosphamide and fludarabine. Our goal was to treat each patient with at least 2.5 Â 10 10 functional NK cells. On the basis of preclinical studies, we believed it was possible to achieve at least a 50-fold total cell expansion during a 3-week culture period. Therefore, for each patient, cultures were initiated with at least 5 Â 10 8 CD3-depleted cells and 5 Â 10 9 irradiated autologous PBMCs as feeder cells distributed equally amongst 50 T175 flasks.
Patient and cell characteristics
Eight patients were enrolled in this clinical trial, 7 with metastatic melanoma, and 1 with metastatic RCC. Patient characteristics and properties of the adoptively transferred cell products are presented in Table 1 Persistence, function, and phenotype of adoptively transferred NK cells Although no objective clinical responses were observed in this trial, the adoptively transferred NK cells seemed to persist in the peripheral circulation of these patients for multiple days posttreatment (Table 2 and Fig. 2 ). At 1 week posttreatment, the average absolute lymphocyte count (ALC) in peripheral blood from these patients was 2,498 cells/mL (AE2.667 cells/mL) and consisted of an average of 83% (AE 13%) NK cells. In previous trials in which patients received adoptively transferred TIL after lymphodepleting chemotherapy, the majority of PBLs 1-week posttransfer were T lymphocytes (20) , suggesting that in our NK cell protocol, the majority of the NK cells persisting 1 week posttreatment were the adoptively transferred cells rather than endogenously recovering cells. In some patients, adoptively transferred NK cells seemed to persist for much longer times. For example, PBLs from patient 1 collected 48 days posttreatment still consisted of 69% NK cells (Fig. 2) .
All patients received lymphodepleting, but nonmyeloablative, chemotherapy prior to adoptive NK cell transfer. As has been previously reported (2, 21) , in all patients, serum IL-15 levels increased after receiving this regimen (Supplementary Fig. S4 Cr release assays, and the value presented indicates the % specific lysis at an E:T ratio of 10:1. c Patients received the indicated number of doses of I.V. IL-2 (720,000 IU/dose). Some patients received a second cycle of IL-2 doses 20 to 27 days after the first treatment as indicated by the "þ" sign. first reactivated in vitro with IL-2, despite the fact that 90% and 69% of the PBLs in these samples were NK cells, respectively (Fig. 3) . Similar results were observed in tests of cells from 4 additional patients. To determine whether IL-2 could reactivate the adoptively transferred NK cells in vivo, we evaluated the lytic capacity of PBMCs from 2 patients collected 3 or 4 days after the initiation of the second dose of IL-2. These cells seemed similar to those collected at other time points in that they did not mediate lysis of tumor cells unless stimulated with IL-2 in vitro prior to the assay (data not shown).
We also evaluated the phenotypes of CD56 þ CD3 À NK cells in pre-and postinfusion PBMCs from all patients to determine expression levels of a variety of activating NKRs (NKG2D, CD16, NK46, and 2B4) and cytokine receptors (CD132, CD122, CD25, and the IL12R a chain, CD215). No significant differences were observed for any of these markers between the infused NK cells and those present in the peripheral circulation pre-or posttreatment, except for CD16 and NKG2D (Table 2 ). On average, 74% (AE 11%) of pretreatment circulating NK cells expressed high levels of CD16 (MFI ¼ 446 AE 164), whereas fewer NK cells in the infused samples or 1-week posttreatment PBMC samples expressed CD16 and at lower levels (48% AE 12%, P < 0.01, MFI ¼ 133 AE 53, P < 0.01 for the infused NK cells; 38% AE 14%, P < 0.01, MFI ¼ 130 AE 72, P < 0.01 for 1-week posttreatment NK cells). More notably, on average, 97% (AE 6%) of the infused NK cells expressed high levels of NKG2D (MFI ¼ 843 AE 445), whereas many fewer NK cells in PBMC 1 week posttreatment expressed NKG2D and at lower levels (36% AE 19%, P < 0.01; MFI ¼ 102 AE 38; P ¼ 0.02). In fact, NK cells in post 1-week treatment samples expressed lower levels of NKG2D than those in PBMC prior to therapy (54% AE 22%, P < 0.01; MFI ¼ 147 AE 63, P < 0.01). These observations may partially explain the inability of the circulating NK cells posttreatment to lyse tumor cell targets without in vitro reactivation with IL-2. Because the adoptively transferred NK cells seemed to persist for long times in the peripheral circulation of patients, we began to consider coupling this therapy with other reagents that might improve the function of the adoptively transferred NK cells. Because some of the persistent cells retained expression of CD16, the low affinity Fc receptor for IgG, we evaluated the ability of these cells to mediate antibody-dependent cell-mediated cytotoxicity (ADCC). Namely, we preincubated HER2/neu expressing tumor cell lines with an anti-HER2/neu antibody or a control antibody (anti-CD20) and carried out lysis assays using posttreatment PBMCs, which were primarily NK cells, from patients as the effector cells. Cryopreserved PBMCs were thawed and cultured for 2 days in the presence or absence of IL-2 prior to lysis assays. One example of this is presented in Figure 4 . Ten-day (90% NK cells; 
Discussion
In the work described here, we evaluated the treatment of cancer patients with large numbers (>10 10 ) of adoptively transferred, in vitro activated, autologous NK cells after the patients received lymphodepleting but nonmyeloablative chemotherapy. The infused NK cell populations were highly purified (96% AE 2% CD3-CD56 þ ) and efficiently lysed melanoma cells in vitro (82% AE 12% specific lysis of 888 mel at an E:T ratio of 10:1). Out of 8 patients treated with adoptively transferred NK cells, none experienced a clinical response. The upper 95% 1-sided CI on 0/8 is 31%; thus, from this limited number of subjects, we can be 95% confident that the true response rate is less than 31%. Although no clinical responses were observed in the 8 patients treated, the adoptively transferred NK cells seemed to persist in the peripheral circulation of patients for at least 1 week posttransfer, and in some patients, for several months. In vivo, NK cells are self-tolerant (10, 22, 23) , and one of multiple proposed mechanisms for this is through decreased expression of stimulatory receptors. In our study, the persistent NK cells expressed significantly lower levels of the key activating receptor NKG2D and were quiescent in that they could not lyse tumor cell targets in vitro unless reactivated with IL-2, which may in part explain why we did not observe any clinical responses or autoimmunity.
Due to the self-tolerance associated with autologous NK cells, several investigators have explored the use of adoptively transferred allogeneic NK cells for treating patients with cancer. In a prior study in which 93 patients with acute myeloid leukemia (AML) were treated with haploidentical allogeneic stem cell transplants depleted of T cells (24) , recipients that were class I MHC mismatched from their donors in a way that allowed for the development of "alloreactive" NK cells in the graft versus host direction were significantly less likely to relapse than those who received stem cells that were not capable of mounting such an "alloreactive" NK cell response. In a separate investigation (25), 19 patients with poor-prognosis AML were treated with haploidentical PBMCs depleted of CD3 þ T cells after a lymphodepleting chemotherapy regimen. Four of these patients were KIR ligand mismatched in the graftversus host direction, and 3 of those 4 (75%) achieved a complete remission. In contrast, without this "alloreactivity", only 2 of 15 (13%) achieved remission (P ¼ 0.04).
In addition, the number of circulating NK cells was significantly greater in patients who achieved remission than those that did not. However, these results are controversial, and several other similar studies found no correlation between the risk of relapse and KIR ligand mismatching between donor and recipient in the context of AML (23, (26) (27) (28) (29) . More recently, several investigators have explored the use of adoptively transferred allogeneic NK cells for the treatment of patients with solid tumors (21, 30, 31) . In one study, 20 patients with breast or ovarian cancers received adoptively transferred allogeneic NK cells and IL-2 after lymphodepleting chemotherapy with or without additional total body irradiation (21) . In this study, the authors stated that 4 patients with ovarian cancer had some tumor reduction; however, the duration of responses was not stated, and it is not clear whether these responses met Response Evaluation Criteria In Solid Tumors (RECIST). The adoptively transferred cells were detected in the peripheral circulation of most patients 1 week after treatment but not at later time points, and the authors suggested that the transient donor chimerism may have been hampered because of reconstitution by endogenous Treg cells of recipients. In 2 separate studies, patients with melanoma, renal cell cancer, sarcoma, medulloblastoma, or PNET received adoptively transferred NK-92 cells (30, 31) . The NK-92 cell line was originally established from a nonHodgkin's lymphoma that had NK cell-like morphology and expressed CD56, but not CD3 or CD16. These cells lack expression of inhibitory receptors and are highly cytolytic against many different types of tumor cells (32) . In addition, NK-92 cells do not attack nontransformed cells and do not cause malignancies. In these trials, 2 mixed responses were observed, but no objective clinical responses according to RECIST criteria were reported; however, the NK-92 cells were irradiated prior to adoptive transfer and were given to lymphoreplete patients.
Thus far, in ours as well as published studies, adoptive transfer of NK cells, either autologous or allogeneic, have been largely unsuccessful for treating patients with solid tumors. However, multiple strategies for improving NK cell function in vivo are currently being pursued. As observed in our study, adoptively transferred NK cells that persisted in the peripheral circulation of patients retained some expression of CD16 and could mediate ADCC in vitro without in vitro reactivation with IL-2. Therefore, coupling of adoptive NK cell transfer with mAb therapy is attractive, and clinical trials combining these treatment modalities are currently being conducted. Several other strategies to improve NK cell function have been suggested, including blocking inhibitory signals with anti-KIR mAbs or small interfering RNAs, genetic manipulation of NK cells to overexpress activating receptors or to introduce chimeric activating receptors, administration of chemotherapy, irradiation, or histone deacetylase inhibitors to upregulate NKG2D ligands on tumor cells, administration of proteasome or histone deacetylase inhibitors to upregulate TNF-related apoptosis-inducing ligand receptor expression on NK cells, and administration of other drugs such as thalidomide or imatinib that promote survival, proliferation, and/or activation of NK cells (33, 34) .
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